INTRODUCTION
============

In all three domains of life, protein synthesis in the cell is performed by large macromolecular machines called ribosomes ([@gks1259-B1; @gks1259-B2; @gks1259-B3]). In bacteria, such as *Escherichia coli*, the 70S ribosome is formed from a small 30S subunit, comprising one 16S ribosomal RNA (rRNA) and 21 ribosomal proteins (r-proteins), and a large 50S subunit composed of a 5S and 23S rRNA and 33 r-proteins ([@gks1259-B3]). X-ray structures of bacterial ribosomal particles have revealed a complex network of interactions between the rRNAs and r-proteins ([@gks1259-B4; @gks1259-B5; @gks1259-B6]). In comparison, eukaryotic 80S ribosomes are larger and more complex than bacterial ribosomes. For example, the yeast small 40S subunit contains one 18S rRNA and 33 r-proteins, whereas the large 60S subunit comprises 5S, 5.8S and 25S rRNAs together with 46 large subunit r-proteins ([@gks1259-B3]). Crystal structures of the *Saccharomyces cerevisiae* 80S ribosome ([@gks1259-B7]) and *Tetrahymena thermophila* 40S and 60S subunits ([@gks1259-B8],[@gks1259-B9]) have determined the architecture of the additional rRNA expansion segments (ES) and variable regions (VR) as well as the localization of the eukaryotic-specific r-proteins.

Genomic studies indicate that archaeal ribosomes have an intermediate complexity compared with bacterial and eukaryotic ones ([@gks1259-B10; @gks1259-B11; @gks1259-B12]). Although a 6.6 Å cryo-electron microscopy (EM) map of the archaeal 70S ribosome exists, no molecular model was reported ([@gks1259-B13]). So far, the large 50S subunit from the Euryarchaeota *Haloarcula marismortui* has been crystallized disclosing structures for the 5S and 23S rRNA as well as 27 r-proteins, 12 of which are archaeal/eukaryotic-specific ([@gks1259-B14]). Recently, a cryo-EM structure of the Euryarchaeota *Methanobacterium thermoautotrophicus* 50S subunit was determined, leading to the identification of five additional archaeal/eukaryotic specific r-proteins and some rRNA ES that are not present in the *H. marismortui* 50S subunit structure ([@gks1259-B15]). Here, we present the complete molecular model for the *Pyrococcus furiosus* 70S ribosome, using a 6.6 Å cryo-EM structure ([@gks1259-B13]). Based on 2D-PAGE and mass spectrometry (MS) analysis of *Thermococcus kodakaraensis* ribosome, coupled with additional cryo-EM reconstructions of Euryarchaeota *Methanococcus igneus* and *T. kodakaraensis* 70S ribosomes, and Crenarchaeota *Staphylothermus marinus* 50S subunit, we reveal a surprising promiscuity of r-proteins within archaeal ribosomes that has implications for the evolution of r-proteins in archaea and eukaryotes.

MATERIALS AND METHODS
=====================

Growth of *M. igneus*, *S. marinus* and *T. kodakaraensis*
----------------------------------------------------------

*T. kodakaraensis* KOD1^T^ (JCM 12380^T^, ATCC BAA-918^T^), *M.igneus* Kol5^T^ (DSM 5666) and *S. marinus* F1^T^ (DSM 3639, ATCC 49053^T^) were obtained from the culture collection of the Institute of Microbiology and Archaea Centre, University of Regensburg. *T. kodakaraensis* and *S. marinus* were grown under anoxic conditions in Marine-*Thermococcus*-medium ([@gks1259-B16]) at 85°C and pH 7.0. Substrates 0.1% yeast extract and 0.1% peptone were added. For the cultivation of *S. marinus*, the medium was further supplemented with 0.7% elemental sulfur. The gas phases consisted of N~2~/CO~2~ (80/20 v/v, 250 kPa). *M. igneus* was grown in *Methanotorris*-medium at 85°C as previously described ([@gks1259-B17]). The *Methanotorris*-medium consisted (per liter) of K~2~HPO~4~ 0.0556 g, KH~2~PO~4~ 0.0558 g, KCl 0.269 g, NaCl 25.14 g, NaHCO~3~ 0.84 g, CaCl~2~ × 2H~2~O 0.368 g, MgCl~2~ × 6H~2~O 7.724 g, NH~4~Cl 1.180 g, Fe(NH~4~)~2~(SO~4~)~2~ × 6H~2~O 12 mg, Na~3~-Nitrilotriacetate (Titriplex I) 88 mg, Na~2~SeO~4~ 8 mg, Na~2~WO~4~ × 2H~2~O 3.2 mg, Na~2~MoO~4~ × 2H~2~O 2.4 mg and 10 ml of trace element solution ([@gks1259-B18]). The medium was covered with a gas phase of H~2~/CO~2~ (80/20 v/v, 250 kPa) and chemically reduced with Na~2~S x 9H~2~O (0.4 g/l). Mass cultivations for all strains were carried out in 300l enamel-protected fermenters (HTE, Bioengineering, Wald, Switzerland) with 250l culture medium and continuous supply of 0.1% sodium sulfide for pH stabilization. The cells were harvested by centrifugation (Padberg, Lahr, Germany), shock-frozen in liquid nitrogen and stored at −80°C until further use.

Preparation of ribosomal particles
----------------------------------

Archaeal ribosomes were isolated and purified in a similar fashion as previously reported ([@gks1259-B19],[@gks1259-B20]); however, with some modifications as described in ([@gks1259-B21]): Cell pellets were dissolved in Tico buffer (20 mM Hepes pH 7.5, 10 mM Mg(OAc)~2~, 30 mM NH~4~OAc, 4 mM ß-Mercaptoethanol) at 4°C and subsequently disrupted by using a Microfluidizer (Microfluidics M-110L Pneumatic) at 18 000 psi. The crude homogenate was centrifuged twice at 30 000*g* at 4°C for 30 min to obtain the S30 fraction. A crude ribosomal fraction was obtained by centrifugation at 100 000*g* for 5 h at 4°C and dissolving the pellet in an equal volume of high salt wash (HSW) buffer (20 mM Hepes, 10 mM Mg(OAc)~2~, 500 mM NH~4~OAc, 4 mM ß-Mercaptoethanol, pH 7.5). Large debris were removed by centrifuging the crude ribosomes for 5 min at 18 000*g* at 4°C. The clear supernatant was diluted 10-fold in HSW buffer and layered on top of 1.3 volumes of 25% (w/v) sucrose cushion prepared in HSW buffer and centrifuged at 100 000*g* for 7 h at 4°C. The pellet was resuspended in a minimal volume of Tico buffer and subsequently purified using a sucrose-density gradient centrifugation (10--40% sucrose in Tico buffer) at 46 000*g* for 17 h at 4°C. Fractions corresponding to the 50S and 30S were separately pooled and pelleted at 140 000*g* for 12 h at 4°C and resuspended in a minimal volume of Tico buffer.

Extraction of the total ribosomal proteins, 2D-PAGE and MS
----------------------------------------------------------

The total proteins from HSW ribosomes and purified ribosomal subunits were extracted by acetic acid according to Nierhaus *et al.* ([@gks1259-B22]). Lyophilized proteins were further processed for liquid chromatography tandem MS (LC-MS/MS) analysis and for 2D-PAGE. Around 2 μg of total proteins was necessary for the LC-MS/MS, whereas 5--10 μg of total proteins were required for 2D-PAGE. The 2D electrophoresis was performed as described by Kaltschmidt and Wittman ([@gks1259-B23]). LC-MS/MS analysis of 2D-gel spots on the LTQ ion-trap and of protein samples on the Orbitrap XL instrument was performed as previously described ([@gks1259-B21]).

Electron microscopy
-------------------

### Cryo-EM and single particle reconstruction

As described previously ([@gks1259-B24]), *M. igneus* and *T. kodakaraensis* 70S ribosomes and *S. marinus* 50S subunits were applied to carbon-coated holey grids. Images were collected on a Tecnai G2 Spirit TEM at 120 kV at a nominal magnification of 90 000 using a 2 K Eagle (2048 × 2048) CCD camera (FEI) resulting in a pixel size of 3.31 Å/pixel. The data were analyzed by determination of the contrast transfer function using CTFFIND ([@gks1259-B25]), and further processed with the SPIDER software package ([@gks1259-B26]), using the *H. marismortui* 50S subunit (PDB3CC2) ([@gks1259-B14]) filtered to between 20--25 Å, as an initial reference. Further steps involved subsequent refinement and iterative sorting for heterogeneities. For the final reconstructions, 8932 particles were used for *M. igneus*, 10 431 for *T. kodakaraensis* and 11 142 for *S. marinus*; this resulted in 18 Å, 19 Å and 24 Å electron density maps at 0.5 FSC, respectively.

Modeling and figure generation
------------------------------

### P. furiosus rRNA modeling

*P. furiosus* 16S and 23S/5S rRNA sequences were taken from GeneBank Accession number (Acc.) U20163 and Acc. AE009950, respectively. Structure-based sequence alignments of the conserved rRNA core were constructed using Sequence to Structure (S2S) ([@gks1259-B27]) based on X-ray structures of the small ribosomal subunit of *Thermus thermophilus* for the 16S rRNA \[Protein Data Bank (PDB) code 1fjf\] ([@gks1259-B28]) and the large ribosomal subunit of *H. marismortui* for the 23S and 5S rRNAs (PDB 1ffk) ([@gks1259-B14]). For regions like the stalk base (H42--H44), H69, the L1 stalk (H76--H79) and the base of H98 (ES39L), the corresponding structures of the large ribosomal subunit of *T. thermophilus* and *Escherichia coli* (PDBs 2 × 9u and 3r8s) ([@gks1259-B29],[@gks1259-B30]) were used as templates. Two eukaryote-like rRNA parts (h33 and H54--H59) were generated in separate S2S alignments based on the X-ray structure of the 80S ribosome from *S. cerevisiae* (PDBs 3o58 and 3o2z) ([@gks1259-B7]). All remaining parts of the structure were built *de novo* using Assemble ([@gks1259-B31]) essentially as described ([@gks1259-B32]). The resulting complete models of the *P. furiosus* rRNAs were manually inspected and adjusted according to features of the electron density using Coot ([@gks1259-B33]).

### P. furiosus r-protein modeling

We used a 6.6 Å cryo-EM map of *P. furious* 70S ribosome ([@gks1259-B13]) to localize and build models for 62 archaeal proteins (66 when including L8e([@gks1259-B2]), L8e(S), S24e(L) and L14e([@gks1259-B2])). This consists of 33 r-proteins common to all three domains, 30 archaea/eukaryote-specific r-proteins (if LX is considered as L20e). A total of 27 proteins from the 50S subunit were modeled using archaeal X-ray *H. marismortui* protein templates (PDB 3cc2). In all, 25 r-proteins from the 30S subunit and five proteins from the 50S subunit (L14e, L34e, L35ae, L40e and L41e) were modeled using templates from the eukaryotic *S. cerevisiae* X-ray structure (PDBs 3u5g and 3u5c for the small subunit, PDBs 3u5e and 3u5i for the large subunit). Protein LX was modeled using *Methanobacterium thermoautothropicus* PDB 2jxt; the stalk protein P0 was based on *Pyrococcus horikoshii* and *Methanocaldococcus janaschii*, PDBs 3a1y and 3jsy, respectively; the L1 protein was based on *T.thermophilus* (Bacteria) PDB 2hw8 template. The multi-sequence alignment was performed using ClustalW ([@gks1259-B34]), whereas for sequence analysis, Jalview was used. Protein models were created using Modeller ([@gks1259-B35]) and further fit and analyzed using Chimera ([@gks1259-B36]) (rigid body fitting) and Coot ([@gks1259-B33]) (manual adjustments), as well as MDFF ([@gks1259-B37]) in VMD ([@gks1259-B38]).

### Refinement and fitting of the rRNA and r-proteins into the EM densities

MDFF was used to refine the proteins and RNA into the density while fixing protein--RNA and protein--protein clashes, followed by an MDFF refinement of the entire 70S model.

### Figure generation

Figures showing electron densities and atomic models were generated using Chimera ([@gks1259-B36]).

RESULTS
=======

A cryo-EM map and model for the archaeal 70S ribosome
-----------------------------------------------------

In contrast to purifications of archaeal ribosomal particles from Crenarchaeota *Sulfolobus acidocaldarius*, *Pyrobaculum aerophilum* ([@gks1259-B19],[@gks1259-B21]), *S. marinus* ([Figure 1](#gks1259-F1){ref-type="fig"}A, upper panel) and Euryarchaeota *M. thermoautotrophicus* ([@gks1259-B15]) where only 30S and 50S subunits were obtained, we were able to isolate intact archaeal 70S ribosomes from Euryarchaeota *P. furiosus* and *T. kodakaraensis* translation extracts using sucrose gradient centrifugation ([Figure 1](#gks1259-F1){ref-type="fig"}A, lower panel). A cryo-EM map of the *P. furiosus* 70S ribosome at 6.6 Å (0.5 FSC) ([Figure 1](#gks1259-F1){ref-type="fig"}B) ([@gks1259-B13]) was then used to generate a molecular model for the rRNA and r-protein components ([Figure 1](#gks1259-F1){ref-type="fig"}C). The *P. furiosus* rRNAs were built in S2S ([@gks1259-B27]) and Assemble ([@gks1259-B31]), using initial models based on templates derived from the X-ray structures of the bacterial 30S ([@gks1259-B28]) and 70S ([@gks1259-B29],[@gks1259-B30]), the archaeal 50S ([@gks1259-B14]) and the eukaryotic 80S ([@gks1259-B7]) (see Materials and methods for details). Thus, in addition to the conserved rRNA core, five variable regions \[VR5S (h16-h17), VR8S (h33), VR1L (H1), VR22L (H58) and H16-18\] and 12 ES (ES7S, ES9S, ES4L, ES5L, ES7L, ES9L, ES15L, ES20L, ES24L, ES26L, ES39L and ES41L) were modeled ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). The majority of the *P. furiosus* VRs and ESs had conformations remarkably similar to the equivalent regions in the eukaryotic ribosome ([@gks1259-B7; @gks1259-B8; @gks1259-B9],[@gks1259-B32]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)), as noted previously for the *M. thermoautotrophicus* 50S subunit ([@gks1259-B15]). However, VR5S (h16), VR1L (H1) and ES39L adopt novel conformations in the *P. furiosus* 70S ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)) that have not been observed in previous ribosome structures. Unlike the *M. thermoautotrophicus* 23S rRNA, which is a composite of *H. marismortui* and *T. thermophila* rRNA fragments ([@gks1259-B15]), we present complete models for the *P. furiosus* 16S and 23S rRNAs ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)) with continuous *P. furiosus* sequence and numbering ([Supplementary Figures S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1), [S5--S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Figure 1.Cryo-EM structure and molecular model of an archaeal 70S ribosome. (**A**) Sucrose density gradient centrifugation profile of ribosomal particles from the Crenarcheaota *S. marinus* (Upper panel) and Euryarchaeota *T. kodakaraensis* (lower panel), with 30S, 50S and 70S peaks highlighted. (**B**) Cryo-EM reconstruction (30S, yellow; 50S, gray) and (**C**) molecular model (16S and 23 rRNA, light yellow and blue; SSU and LSU r-proteins, gold and blue) of the *P. furiosus* 70S ribosome. P- and E-tRNA are colored green and orange, respectively. (**D--F**) Fit of molecular models for rRNA (tan) and r-proteins (blue), (D) LX, (E) L33e and (F) L41e, into the cryo-EM density of the *P. furiosus* 70S ribosome (gray mesh).

Based on genomic analysis, the *P. furiosus* 70S ribosome is predicted to contain 64 r-proteins, 25 in the 30S and 39 in the 50S subunit ([@gks1259-B10; @gks1259-B11; @gks1259-B12]) ([Supplementary Tables S1--S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). In all, 35 (30S, 15; 50S, 20) of the *P. furiosus* r-proteins have counterparts in bacteria, and the location of an additional 12 large subunit r-proteins is known from the X-ray structure of the *H. marismortui* 50S subunit ([@gks1259-B14]). Locations for the remaining 17 (30S, 10; 50S, 7) were determined by homology with the respective eukaryotic r-proteins present in the X-ray structure of the *S. cerevisiae* 80S ribosome ([@gks1259-B7]). The models for *P. furiosus* r-proteins L14e \[we use the revised and simplified nomenclature based on family names for eukaryotic r-proteins ([@gks1259-B7]), see [Supplementary Tables S1--S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)\], L30e, L34e, L40e and LX ([Figure 1](#gks1259-F1){ref-type="fig"}D) were in agreement with those reported recently for the euryarchaeotal *M. thermoautotrophicus* 50S subunit ([@gks1259-B15]). In addition to 10 models of small subunit *P. furiosus* r-proteins, we also present models for r-proteins L33e ([Figure 1](#gks1259-F1){ref-type="fig"}E) and L41e ([Figure 1](#gks1259-F1){ref-type="fig"}F), which are absent in the genomes of *H. marismortui* and *M. thermoautotrophicus* ([Supplementary Tables S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1) and [S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)) ([@gks1259-B10; @gks1259-B11; @gks1259-B12]). The high quality of the *P. furiosus* 70S ribosome cryo-EM map enabled an accurate fit of the molecular models of the rRNA and r-proteins by using distinct features of the electron density seen for the major and minor grooves of the RNA helices and rod-like densities for r-proteins ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Surprisingly, after fitting all rRNA and r-protein, four regions of additional density remained unaccounted for; one located on the 30S subunit and three on the 50S subunit. As all the rRNA was satisfactorily modeled and the additional density had features reminiscent of protein, we hypothesized that the additional density was owing to the presence of yet unidentified r-proteins.

2D-PAGE and MS of Euryarchaeota ribosomes
-----------------------------------------

Our previous MS analysis of the Crenarchaeota *S. acidocaldarius* and *P. aerophilum* ribosomes led to the identification of a number of hypothetical proteins with basic isoelectric point that were ribosome associated ([@gks1259-B21]). Thus, to search for additional r-proteins in Euryarchaeota, we performed 2D-PAGE ([@gks1259-B23]) on high-salt washed 70S ribosomes from *T. kodakaraensis* (previously called *Pyrococcus kodakaraensis*) ([Figure 2](#gks1259-F2){ref-type="fig"}A and B), which belongs to the same *Thermococcaceae* family as *P. furiosus*. MS identification of the protein spots, coupled with LC-MS/MS analysis of the total protein samples, led to the identification of 25/25 (100%) and 36/38 (95%) of the 30S and 50S subunit r-proteins, respectively ([Supplementary Tables S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1) and [S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Additionally, the *T. kodakaraensis* 70S ribosomes were split into 30S and 50S subunits, isolated using sucrose gradients and also analyzed by 2D-PAGE and MS ([Figure 2](#gks1259-F2){ref-type="fig"}C and D). Surprisingly, MS revealed that a protein spot for large subunit r-protein L8e (L7ae) was also present in the 2D-PAGE of the 30S subunit, which, although relatively weak, had similar intensity to some *bona fide* small subunit r-proteins, such as S10, S17 and S19e ([Figure 2](#gks1259-F2){ref-type="fig"}C). Similarly, MS identified a protein spot for the small subunit r-protein S24e in the 2D-PAGE of the 50S subunit, with comparable intensity to large subunit r-proteins L11, L16 and L35 ([Figure 2](#gks1259-F2){ref-type="fig"}D). Figure 2.2D-PAGE and MS analysis of Euryarchaeota ribosomal proteins. (**A--D**) Coomassie blue-stained 2D gel of (A) high-salt-washed *T. kodakaraensis* 70S ribosomes (MS assignments of protein spots labeled in (B) scheme), and sucrose gradient purified (C) 30S and (D) 50S subunits. The direction of the first (1D, based on charge) and second (2D, based on mass) dimensions of electrophoresis are indicated with arrows, and spots for L8e (L7ae) and S24e are colored.

Identification and localization of promiscuous archaeal r-protein L8e (L7ae)
----------------------------------------------------------------------------

L8e (L7ae) is a compact globular protein with a fold consisting of alternating α-helices and β-strands, forming an α-β-α sandwich structure that interacts with a kink-turn (KT) motif ([@gks1259-B39],[@gks1259-B40])---an asymmetric internal loop that induces a sharp bend in the phoshodiester backbone of an RNA helix ([@gks1259-B39]). In the archaeal and eukaryotic large subunit structures ([@gks1259-B7],[@gks1259-B9],[@gks1259-B14]), L8e interacts with the KT motif present in helix 15 of the 23S rRNA (termed KT-15) by specifically recognizing a bulged uridine nucleotide (U292) located within the internal loop ([Figure 3](#gks1259-F3){ref-type="fig"}A). Thus, to ascertain whether L8e has an additional binding site on the small and/or large subunit, we searched for similar KT motifs within the 16S and 23S rRNAs of the *T. kodakaraensis* and *P. furiosus* 70S ribosome. Two further KT motifs with bulged uridine nucleotides were identified in direct vicinity of the unassigned densities in the *P. furiosus* 70S cryo-EM map, one in H25 of the 23S rRNA (KT-25, [Figure 3](#gks1259-F3){ref-type="fig"}B) and the other in h33 of the 16S rRNA (KT-33, [Figure 3](#gks1259-F3){ref-type="fig"}C). Docking of the model for L8e into each of the unassigned densities yielded an excellent fit and maintained canonical interaction with the bulged uridine nucleotide of the respective KT motifs ([Figure 3](#gks1259-F3){ref-type="fig"}B and C). Together with the MS data, these findings suggest that L8e has three binding sites in the *P. furiosus* 70S ribosome, namely, the canonical site, L8e([@gks1259-B1]), positioned adjacent to the L1 stalk; a second site, L8e([@gks1259-B2]), interacting with H25 (ES7L) at the back of the large subunit; as well as a third site, L8e(S), located on the beak of the small subunit. This promiscuity of L8e already has a precedent, as L8e (L7ae) is known to also interact with bulged uridine nucleotides found within KT motifs of the archaeal C/D and H/ACA box archaeal small nucleolar ribonucleoprotein particle (snoRNP) RNAs ([Supplementary Figure S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)) ([@gks1259-B41],[@gks1259-B42]) as well as within the KT-containing archaeal RNase P RNA ([@gks1259-B43]). Figure 3.Promiscuity of archaeal ribosomal protein L8e (L7ae). (**A--D**) Schematic (left) and structural (middle) representations of KT motif (A) KT-15 of the canonical L8e([@gks1259-B1]) binding site and (B) KT-25 at the L8e2 position, on the 50S subunit, compared with KT-33 at the (C) L8e(S) binding site on the *P. furiosus* 30S subunit and (D) S12e binding site on the *S. cerevisiae* 40S subunit ([@gks1259-B7]). Right-hand panels show a fit of molecular models to the cryo-EM density (mesh) of *P. furiosus* 70S ribosome for (A) L8e([@gks1259-B1]) and (B) L8e([@gks1259-B2]) on the 50S subunit, and (C) L8e(S) on the small subunit, and in comparison (D), the binding position of S12e on the *S. cerevisiae* 40S subunit ([@gks1259-B7]). Insets at top of figure show the overview of the L8e-binding positions (red) on the small (left) and large (right) ribosomal subunit. Major landmarks are indicated: beak (Be), body (Bd), platform (Pl), head (H), spur (Sp), central protuberance (CP) and tunnel exit (TE). C and NC indicate the canonical and non-canonical stem in KT diagrams. The cross-correlation of the fit of L8e crystal structure to the density for the different binding sites is as follows: L8e([@gks1259-B1]) = 0.90; L8e([@gks1259-B2]) = 0.87; L8e(S) = 0.81.

In eukaryotic 60S subunits, ES7L is elongated and KT-25 is absent, thus the L8e([@gks1259-B2]) binding site is not present ([@gks1259-B7],[@gks1259-B32],[@gks1259-B44]) ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). In contrast, KT-33 is present in all eukaryotic 40S subunits, where it forms part of the binding site for eukaryotic-specific r-protein S12e ([Figure 3](#gks1259-F3){ref-type="fig"}D)---a protein with the same fold as L8e ([Supplementary Figure S10](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). In fact, S12e actually belongs to the evolutionary conserved L8e (L7ae) family of KT-binding proteins, which also encompasses r-protein L30e as well as the dual spliceosome/snoRNP 15.5kD protein (Snu13p in yeast), RNase P component Rpp38 (Pop3p), the snoRNP protein NHP2 and SBP2, a protein that binds the selenocysteine insertion sequence element RNA ([@gks1259-B39],[@gks1259-B45],[@gks1259-B46]). However, S12e recognizes a bulged-out guanine (G1228) nucleotide (rather than a uridine as L8e) within the internal loop of KT-33 ([Figure 3](#gks1259-F3){ref-type="fig"}D), which is conserved in eukaryotic 18S rRNAs ([Supplementary Figure S11](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Substitution of uridine to guanine in KT-containing RNAs reduces binding affinity of archaeal L8e by ∼100-fold ([@gks1259-B47]), indicating how eukaryotic 80S ribosomes ensure specificity of L8e and S12e binding to KT-15 and KT-33, respectively.

Identification and localization of promiscuous archaeal r-proteins S24e and L14e
--------------------------------------------------------------------------------

Based on the 2D-PAGE and MS data, we examined whether r-protein S24e also has a binding site on the 50S subunit that could account for one of the remaining unassigned densities in the *P. furiosus* 70S cryo-EM map. S24e comprises a four-stranded anti-parallel β-sheet flanked by three short α-helices and contains an RNA recognition motif, similar to the related r-protein L23 ([@gks1259-B48]). The canonical binding site for S24e is located at the base of the body of the small subunit, where the terminal β-strand of S24e interacts with the major groove of h17 ([Figure 4](#gks1259-F4){ref-type="fig"}A). We found an excellent fit of the model for S24e to one of the unassigned densities on the large subunit, similarly oriented such that the terminal β-strand of S24e interacts with major groove of an RNA helix, in this case H45 (ES15L) ([Figure 4](#gks1259-F4){ref-type="fig"}B). ES15L is slightly longer and adopts a different conformation in eukaryotic 80S ribosomes, consistent with the absence of a second S24e([@gks1259-B2])-binding position ([@gks1259-B7],[@gks1259-B9],[@gks1259-B32]) ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Figure 4.Promiscuity of archaeal ribosomal proteins S24e and L14e. (**A--D**) Fit of molecular models of (A-B) S24e (blue) and (C-D) L14e (green) into the cryo-EM density (gray mesh) of *P. furiosus* 70S ribosome, namely, (A) S24e on the 30S subunit and (B) S24e(S) on the 50S subunit, and (C) L14e([@gks1259-B1]) and (D) L14e([@gks1259-B2]) on the 50S subunit. Insets at the top show the overview of the S24e (blue) and L14e (green)-binding positions on the small (left) and large (right) ribosomal subunit. Major landmarks are indicated as in [Figure 3](#gks1259-F3){ref-type="fig"}.

Given the surprising finding that archaeal r-proteins, such as L8e and S24e, were present in more than one copy per *P. furiosus* 70S ribosome, we next examined whether the last unassigned density could be also attributed to another promiscuous r-protein. Indeed, we found that L14e could be unambiguously fit to the remaining electron density located on the 50S subunit ([Figure 4](#gks1259-F4){ref-type="fig"}C). Archaeal L14e has an Src-homology 3 (SH3)-like β-barrel ([@gks1259-B49]) and in the canonical position on the ribosome, L14e([@gks1259-B1]), is located at the back of the central protuberance adjacent to LX, where it interacts with the backbone of H41 and the tip of H25 (ES7L) ([Figure 4](#gks1259-F4){ref-type="fig"}C) ([@gks1259-B7],[@gks1259-B9],[@gks1259-B15],[@gks1259-B44]). Analogously, the second L14e([@gks1259-B2]) interacts with the backbone of H58 and the tip of ES20L ([Figure 4](#gks1259-F4){ref-type="fig"}D). In eukaryotic 80S ribosomes, the binding position of L14e([@gks1259-B2]) is occupied by the related eukaryotic-specific r-protein L27e, which also contains an SH3-like β-barrel ([@gks1259-B7],[@gks1259-B9],[@gks1259-B14],[@gks1259-B15]) ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)).

Taxonomic distribution of the promiscuous archaeal ribosomal proteins
---------------------------------------------------------------------

The discovery of inter- and intra-subunit promiscuity and multi-copy r-proteins within the *P. furiosus* 70S ribosome raised the question as to whether this represents a general phenomenon occurring in other archaeal species or whether it is specific for the *Thermococcaceae* family. To address this, we searched for the presence of additional binding sites of L8e, L14e and S24e in the available archaeal ribosomal structures, namely the 50S subunit from the Euryarchaeota *H. marismortui* ([@gks1259-B14]) and *M. thermoautotrophicus* ([@gks1259-B15]) as well as the Crenarchaeota *S. acidocaldarius* and *P. aerophilum* ([@gks1259-B21]). In addition, we determined additional cryo-EM structures of the Euryarchaeota *M. igneus* and *T. kodakaraensis* 70S ribosomes at 18 Å and 25 Å (0.5 FSC), respectively, as well as the Crenarchaeota *S. marinus* 50S subunit at 24 Å (0.5 FSC) resolution. With the exception of the cryo-EM structure of the *T. kodakaraensis* 70S ribosome, we did not observe additional density in any of the cryo-EM maps for the presence of S24e on the large subunit ([Supplementary Figure S12A--F](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)), suggesting that S24e(L) is specific for the *Thermococcaceae* family. Consistently, S24e(L) was also not observed in the X-ray structure of the *H. marismortui* 50S subunit ([@gks1259-B14]). In contrast, we observed additional density for a second binding position of L14e in all the cryo-EM maps ([Supplementary Figure S12G--L](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)), suggesting that L14e([@gks1259-B2]) is ubiquitous across the archaeal phylogeny. However, L14e([@gks1259-B2]) was not found in the X-ray structure of the *H. marismortui* 50S subunit ([@gks1259-B14]), consistent with the finding that L14e has been lost in *Halobacteria* ([@gks1259-B10; @gks1259-B11; @gks1259-B12]).

The presence of additional binding sites of L8e on archaeal ribosomes correlates perfectly with the expectations based on the presence or absence of the relevant KT motif in h33 (KT-33) and H25 (KT-25) of the 16S and 23S rRNA, respectively. Specifically, additional density was observed for L8e([@gks1259-B2]) on the 50S subunits of *M. thermoautotrophicus*, *S. acidocaldarius*, *S. marinus* and *T. kodakaraensis* ([Figure 5](#gks1259-F5){ref-type="fig"}A--D), all of which are predicted to contain KT motifs with a conserved uridine in the internal loop ([Supplementary Figure S13](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)), whereas no density was observed for L8e([@gks1259-B2]) in the cryo-EM maps of *M. igneus* and *P. aerophilum* 50S subunits ([Figure 5](#gks1259-F5){ref-type="fig"}E--F), where the KT motif has been lost ([Supplementary Figure S13](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Moreover, the KT motif is also absent in the X-ray structure of the *H. marismortui* 50S subunit, which lacks L8e([@gks1259-B2]) ([@gks1259-B14]). In contrast, KT-33 with a conserved uridine in the internal loop is predicted for all archaeal 16S rRNA sequences ([Supplementary Figure S11](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Consistently, we observed additional density for L8e(S) on the small subunit in our two newly determined cryo-EM maps of the Euryarchaeota 70S ribosomes from *M. igneus* and *T. kodakaraensis* ([Figure 5](#gks1259-F5){ref-type="fig"}G--H). Moreover, previous 2D-PAGE and MS analysis of 30S subunits from the Crenarchaeota *S. acidocaldarius* also detected a protein spot for L8e (L7ae) with a stoichiometry similar to some small subunit r-proteins ([@gks1259-B21]). Collectively, these findings lead us to suggest that L8e(S) is present in all archaeal ribosomes and should be considered as a *bona fide* archaeal small subunit r-protein. Figure 5.Distribution of additional L8e-binding sites on archaeal ribosomes. (**A--H**) The cryo-EM density (gray mesh) and fitted model for the *P. furiosus* 70S ribosome showing the presence of L8e([@gks1259-B2]) (red) in (A) *M. thermoautotrophicus* 50S (EMD-2012) ([@gks1259-B15]), (B) *S. acidocaldarius* 50S (EMD-1797) ([@gks1259-B21]), (C) *S. marinus* 50S, (D) 50S subunit of *T. kodakaraensis* 70S and absence in (E) 50S subunit of *M. igneus* 70S, (F) *P. aerophilum* 50S (EMD-1796) ([@gks1259-B21]), as well as presence of L8e(S) in the (G) 30S of *M. igneus* 70S and (H) 30S of *T. kodakaraensis* 70S. Ribosomal RNA is shown in tan with KT motifs in orange.

DISCUSSION
==========

With the exception of the stalk proteins (L7/L12 in bacteria and P1-P3 in eukaryotes), r-proteins are thought to be present in one copy per ribosome. Here, we demonstrate that this concept does not hold true for archaeal ribosomes by showing that *P. furiosus* and *T. kodakaraensis* 70S ribosomes have two copies each of S24e and L14e as well as three copies of L8e. Moreover, based on our analysis of KT motifs across the complete archaeal phylogeny ([Figure 6](#gks1259-F6){ref-type="fig"}A), we predict that all archaeal ribosomes contain at least two copies of L8e, one at the canonical site on the 50S subunit and an additional site located on the small subunit (KT-33), whereas the second L8e binding site on the 50S subunit (KT-25) appears to be lost predominantly in late branching Euryarchaeota, such as *Methanococcus*, *Archaeoglobus* and *Halobacterium*. To our knowledge, the inter-subunit and intra-subunit promiscuity exhibited by S24e/L8e and L14e/L8e, respectively, has not been observed previously ([Figure 6](#gks1259-F6){ref-type="fig"}B). Furthermore, we find that the intersubunit promiscuity of S24e is specific for the *Thermococcus/Pyrococcus* 70S ribosomes, whereas the intrasubunit promiscuity of L14e appears to be widely established in archaea. The observation that L8e(S) and L14e([@gks1259-B2]) occupy the same binding position on the archaeal ribosome, as the related r-proteins S12e and L27e occupy on the eukaryotic ribosome ([Figure 6](#gks1259-F6){ref-type="fig"}B and C and [Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)), may reflect that S12e and L27e originally evolved from the promiscuous behavior of L8e and L14e, as has been suggested for archaeal LX and the related eukaryotic r-protein L20e ([@gks1259-B15]) ([Figure 6](#gks1259-F6){ref-type="fig"}B and C and [Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)). Such a scenario would be consistent with the intermediate complexity of archaeal ribosomes compared with bacterial and eukaryotic ribosomes ([Supplementary Figure S14](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1259/-/DC1)) reflecting the potential for archaeal ribosomes to represent intermediate steps in the evolution of eukaryotic ribosomes. Figure 6.Inter- and intra-subunit promiscuity of archaeal ribosomal proteins. (**A**) Taxonomy of archaea, with presence or absence of KT-25, KT-33 and L8e([@gks1259-B2])- or L8e(S)-binding sites. Dashed protein symbols indicate that their presence is predicted, but not experimentally proven yet. Phylogenetic tree is based on ([@gks1259-B50]). (**B**) Schematic showing promiscuity of archaeal ribosomal proteins, compared with (**C**) the equivalent situation in the eukaryotic yeast 80S ribosome.
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